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ABSTRACT: Three-dimensional (3D) photonic crystals can provide
access to very interesting and unique properties for ultimate control
and manipulation of photons, not possible otherwise. However,
widespread implementation of such photonic crystals remains elusive
because the fabrication technology available today has either silicon
(Si) incompatibility, poor scalability, a large number of undesired
defects, challenging or impossible placement of intentional defects, or
has advanced nonstandard process steps available only in a few
laboratories. In this work, a new methodology of fabricating 3D
photonic crystals free of unintentional defects is developed. This
methodology is “truly” Si-compatible and uses techniques available in
any standard fabrication facility. A broadband omnidirectional reflector
on Si is demonstrated using the same method. Introduction of
intentional defect sites for fabrication of 3D waveguides and optical cavities is also discussed.
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Complete control of photons in all three dimensions is
considered to be the holy grail of photonics. It is well

understood that such a complete control is possible only
through three-dimensional (3D) photonic crystals with a
complete band gap.1−14 For a given range of frequencies, such
photonic crystals forbid the propagation of electromagnetic
radiation for all wave-vectors and hence can have a profound
impact on the optical behavior of materials. Of the multitude
of applications of 3D photonic crystals, the most interesting are
(a) complete inhibition of spontaneous emission for
frequencies that lie within the band gap,5−9 (b) 3D localization
of light at point-defect sites,13,14 (c) threshold-less lasers,1,15

(d) 3D wave-guiding,10−12 (e) broadband omnidirectional
reflectors,3,4,7 and (f) efficient solar cells.16,17 In order to be
widely usable, an ideal 3D photonic crystal should possess the
following properties: (i) A wide and complete photonic band
gap; (ii) The ability to introduce controlled line and point
defects; (iii) Ease of fabrication, reproducibility, and Si-
compatibility; (iv) Large area manufacturability.
Although several different approaches to fabricate 3D

photonic crystals have been developed, it is still difficult to
meet all four requirements simultaneously. First of all, only
diamond and diamond-like photonic crystals are amenable to a
complete band gap,14 and therefore, most experimental work
to date revolves around fabrication of diamond-like 3D
photonic crystals. Yablanovite was the first 3D crystal to be
fabricated in a dielectric medium by drilling centimeter-sized
holes along three face-centered-cubic (FCC) lattice vectors.18

However, scaling down this crystal to optical frequencies and
introducing controlled defects is extremely challenging.19 3D
photonic crystals have also been fabricated using inverse-
opals.20,21 In this technique, a template is first created using

close-packed, FCC-ordered colloidal spheres which is then
infiltrated with high-index material such as Si using chemical
vapor deposition (CVD). Finally, the template is removed,
leaving behind air-sphere crystals in Si. As an alternative to
opals, holographic lithography has also been used to create
polymer-based templates.22 These template-based techniques
became quite popular because of the relative ease of
fabrication; however, the maximum width of the band gap
remained narrow23 and therefore sensitive to fabrication
imperfections which are challenging to avoid.24 In addition
to a large number of unintentional defects, it is also difficult to
introduce controlled defect sites in this methodology.
Another diamond-like structure that offers a wide photonic

band gap is the 3D woodpile photonic crystal which is
fabricated by sequential stacking of layers of semiconductor
logs. The Kyoto University group has been instrumental in the
development and understanding of the woodpile photonic
crystal made from III−V semiconductors and Si using a wafer
fusion technique with precise control over the alignment.
Using their methodology, the group has successfully
demonstrated wide 3D photonic band gaps,4 spontaneous
emission control,5−7 three-dimensional waveguiding of pho-
tons,11,12 surface modes of 3D photonic crystals,25 and optical
cavities,5,6 all in the near-infrared wavelength range which is
very important for telecommunication purposes. The research
group also developed another innovative technique for the
fabrication of woodpile structures which used angled etching at
±45° to create two sets of mutually perpendicular logs.7 These
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examples show that the woodpile structure holds a great
potential when it comes to the demonstration of interesting
and unique properties of 3D photonic crystals. One limitation
that has prohibited its widespread adoption is the advanced
fabrication method that uses nonstandard techniques only
available in a few laboratories.26 Additionally, large area
manufacturability, such as on solar cells, is also questionable.
Nevertheless, the woodpile structure, led by the Kyoto
University group, has opened several new avenues to study
and understand the 3D photonic crystal science.
In this work, we have demonstrated a complete photonic

band gap using a slightly different class of 3D photonic crystals
known as the inverse woodpile structure. As the name suggests,
this structure consists of low-index logs or cylinders periodi-
cally embedded in a high-index medium resulting in a wide
band gap. This structure is discussed in detail in the
subsequent section. Specifically, the fabrication methodology
developed in this work ensures that this structure possesses all
four important properties of an ideal 3D photonic crystal,
discussed above, which have remained elusive and have
hindered their widespread adoption. Using this methodology,
we demonstrate a complete photonic band gap and
subsequently, a broadband omnidirectional reflector. This
method also offers complete control on the placement of
intentional line and point defect sites and therefore can be
readily extended to form 3D waveguides and optical cavities.

■ INVERSE WOODPILE PHOTONIC CRYSTAL
The inverse woodpile is an extensively studied 3D photonic
crystal. Its wide and complete photonic band gap,27 conceptual
ease of fabrication,28,29 and robustness to disorders and
fabrication imperfections30 make it an ideal choice for building
photonic crystals capable of providing ultimate control of light
in all three dimensions. The basic structure of the inverse
woodpile structure is illustrated in Figure 1a. It consists of two
identical and mutually perpendicular sets of low-index
cylinders embedded in a high-index medium. In this work,
the set of cylinders aligned along the x-axis is parallel to the
wafer surface and will be referred to as the “parallel” set,
whereas the set aligned along the z-axis will be referred as the
“perpendicular” set. The axis of the perpendicular set is aligned
exactly between the surrounding parallel set cylinders, as
evident from the cross-sectional schematic of the structure in
Figure 1b. Each set is a centered-rectangular lattice with sides
equal to “a” and “c”. If the ratio of “a” and “c” equals 2 , the
crystal symmetry becomes cubic and the structure is then
diamond-like.27,28 The band structure of such a photonic
crystal is shown in Figure 1c. It is computed with the
assumption that the ratio between the radius of the low-index
cylinders “r” and the lattice constant “a” equals 0.24, which is

known to yield the largest band gap.27,28 In this case, the gap to
midgap ratio, Δω/ωc, is equal to 23.6%.
There have been multiple reports that experimentally

demonstrate a complete band gap for the inverse woodpile
structure. However, none of them uses a fabrication method-
ology that is truly Si-compatible nor one that can be easily
mass-produced by any standard semiconductor fabrication
facility. In this context, the term “truly Si-compatible” implies
that all the processing steps involved are fully compliant with
standard silicon wafer processing techniques. It is important to
ensure Si-compatibility so that the resulting photonic crystal is
production-ready and can be reproduced at different
fabrication facilities around the world. Schilling et al.
demonstrated the first experimental inverse woodpile photonic
crystal.31 They first created a two-dimensional photonic crystal
by etching deep pores into Si using wet etchants, creating
“macroporous” Si. This structure was then cleaved and the
second pore set was then drilled perpendicular to the first by
using focused-ion-beam (FIB)-milling. Though this was the
first Si-compatible demonstration of the inverse-woodpile
structure, the cleaving and the subsequent FIB-milling make
it prohibitive in terms of mass-production and repeatability.
Moreover, FIB-milling the second set of pores makes it a time-
consuming process and thus the scalability of this process to
larger areas is poor. Such a photonic crystal has the potential to
be the perfect back-reflector for solar cell applications16 and
therefore scalability to larger areas while keeping the cost down
at the same time is important. In addition, it is difficult to
introduce controlled defects in such a process flow and hence
it is not well-suited for the fabrication of waveguides and
cavities. A similar approach has been adopted by the
researchers from the University of Twente, who have also
studied the inverse-woodpile structure theoretically30,32,33 and
experimentally.9,29,34 Instead of using wet-etching techniques
to make macroporous Si, they use reactive-ion etching (RIE)
to obtain an array of deep pores. The use of RIE allowed the
photonic crystal dimensions to be scaled enough to address the
most useful wavelength range around 1.5 μm. In the next step,
the structure was cleaved and FIB-milled as was done by
Schilling et al. and therefore this process flow is also plagued by
the same issues.
In the next section, a truly Si-compatible method to fabricate

the 3D inverse woodpile photonic crystal is shown. This
method allows for a scalable mass-production of the photonic
crystal as it uses a standard toolset available in most fabrication
facilities.

■ FABRICATION METHODOLOGY

As discussed in the last section, the inverse woodpile structure
consists of two identical and mutually perpendicular sets of

Figure 1. (a) Schematic of the inverse woodpile photonic crystal; (b) Cross-section cut (along dashed line in (a)) of the inverse woodpile structure
showing two mutually perpendicular sets of cylinders and the relevant design parameters; and (c) Band diagram of the photonic crystal assuming a/
c is equal to 2 and r/a is equal to 0.24. The first Brillouin zone is also shown in the inset.
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cylinders: the parallel set and the perpendicular set. The
parallel set denotes the cylinders that are parallel to the wafer
surface and the perpendicular set signifies cylinders perpen-
dicular to the surface. The perpendicular set of cylinders can be
readily made by reactive ion etching.9,29,34,35 Fabricating the
parallel set in a way that is truly Si-compatible is the main
challenge. In this work, we present a novel solution to this
challenge by means of a unit process called “empty-space-in-Si”
(ESS) technique developed by Toshiba as an alternative to the
silicon-on-insulator (SOI) substrate.36,37 Using this technique,
empty spaces of different shapes such as spheres, cylinders or
plates can be buried inside a Si substrate. The basis of this
technique is the self-organizing recrystallization of nanostruc-
tures due to surface migration of Si. It was shown that a trench
can be transformed to a spherical ESS when it is annealed in a
reducing ambient, such as hydrogen. This reducing ambient,
unlike oxidizing, allows the surface atoms to be mobile and
hence minimize the surface energy. The process of surface
migration has been successfully modeled using the Mullin’s
surface diffusion equation.38,39 Using the same equation, a 3D
simulator was also developed to predict the shape trans-
formation caused by Si migration.40 The time evolution of an
isolated trench to a spherical ESS when annealed in a reducing
ambient, is shown in Figure 2a. A simulator, similar to ref 40, is
used to study this evolution and the time units in Figure 2a
correspond to those in the simulations, not seconds. It is
evident that the transformation begins at the top and bottom
of the trench because the radius of curvature of these regions is
the smallest. The top opening of the trench eventually closes as
surface migration continues to transform it into a spherical
shape, which minimizes the overall surface energy. Once this
minimum energy state is reached, further shape evolution
ceases and the ESS becomes extremely stable. The shape and
dimension of this ESS can be fully controlled by the
dimensions of the initial trench.36,37 During this process, the
Si mass is conserved, and hence, the volume of the initial
trench and the final spherical ESS remains the same. This

implies that the diameter of the spherical ESS becomes larger
than the width of the initial trench which helps to form
cylindrical ESS, as shown in Figure 2b. In this case, trenches
are arranged close to each other in one dimension. When
subjected to annealing in reducing ambient, the diameter of the
subsequent ESS grow and eventually coalesce into each other,
thereby forming a cylindrical ESS in the stable, minimum
energy state. These ESS can be readily used to make a layer of
parallel-set cylinders.
In this work, we have used the well-known Bosch process for

reactive-ion etching of initial trenches in Si, as shown in Figure
2c. These trenches were then subjected to hydrogen anneal at
1150 °C provided by an Applied Materials reduced-pressure
CVD system. The cross-section of the minimum energy state
made up of air cylinders embedded inside Si is shown in Figure
2d. A top-view obtained after etching the Si on top of the
cylinders is shown in Figure 2e. Even though the patterned
area shown in the top view is of the order of 30 μm × 15 μm,
these air cylinders can be fabricated over arbitrarily large areas.
Additionally, since the air cylinders are made after self-limited
recrystallization of Si, their surface roughness is extremely low,
and hence, they make good candidates for photonic crystal
applications.
The most attractive feature of this process is that the air

cylinders are extremely stable, once formed. This is due to the
self-limiting nature of the minimum energy state. Any
additional process steps and exposure to more thermal budgets
do not perturb the cylinders at all. We have utilized this feature
and stacked multiple layers of air cylinders in a way that
constitutes the parallel set for the inverse woodpile structure.
The process steps are outlined in Figure 3a. After fabricating
the first layer of air cylinders, as outlined above, Si
homoepitaxy was done in the same Applied Materials CVD
system without breaking vacuum. The Si epitaxial layer
thickness was kept equal to half the vertical lattice constant
“c”. Next, trenches were etched in the middle of the air
cylinders formed for the first layer, as shown in Figure 3b. The

Figure 2. (a) Transformation of an isolated trench (in simulation time units) to a spherical empty-space-in-silicon (ESS) when annealed in a
reducing ambient; (b) Evolution of trenches arranged closely in one dimension to a cylindrical ESS; (c) SEM image of trenches etched by using
Bosch process; (d) Cross-section SEM of air cylinders embedded in Si; and (e) Top-view of the air cylinders after etching away Si from top.
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trenches were displaced by half the lattice constant “a” in order
to make the parallel layer centered-rectangular, as discussed
before. These trenches were then subjected to exactly the same
anneal conditions as was done for the first layer. In this way,
two layers of air cylinders were fabricated, as shown in Figure
3c. The same process can be repeated to get a large number of
layers arranged in a centered-rectangular lattice with
parameters “a” and “c”. Figure 3d shows six such layers with
the lattice constant “a” equal to 2.5 μm and “c” equal to 2 μm,
in this proof-of-concept work. The radius “r” of the air
cylinders is kept at 0.5 μm, thereby making the r/a ratio equal
to 0.2. The crystal parameters are limited by the critical
dimension of the lithography system used. In this work, we
have used the ASML PAS 5500/60 to define the trench
patterns and kept the critical dimension to 600 nm to ensure
good repeatability and excellent alignment of each layer on top
of the other.
Once all the desired layers in the parallel set are fabricated,

the perpendicular set can be easily made by simply etching
trenches in a centered-rectangular lattice with exactly the same
dimensions as that of the parallel set. The perpendicular set is
also shifted by a quarter of the lattice constant “a” with respect
to the parallel set so that the vertical cylinders are placed in the
middle of the surrounding horizontal cylinders. Figure 3e
shows the final inverse woodpile structure with six layers in the
parallel set (four visible) and the final perpendicular set. In this
proof-of-concept work, photonic crystals with four and six
parallel layers are fabricated.
A photonic crystal with six parallel layers constitutes two and

a half unit cells in the vertical direction (i.e., L = 2.5c) and an
arbitrarily large number of unit cells in the horizontal direction.
Fabrication of one unit cell in the vertical direction involves
four etch steps (three for parallel layers and one for the final
perpendicular set), three anneal and two Si epitaxy steps.
Although the total number of steps involved in the process are
large, they are iterative and require repeated use of standard
semiconductor fabrication equipment. In addition, it should be
noted that the effective number of layers for Bragg-reflection in
this structure is equal to 2× the number of unit cells in the
vertical direction.33 This is due to the fact that the distance
between {hkl = 220} lattice planes in a conventional cubic

diamond structure, responsible for the band gap, is half the
lattice constant “c”.33 Therefore, high reflectivity can be
obtained in these structures with relatively few layers in the
vertical direction, as shown in ref 33.
It is also worthwhile mentioning that there is no

fundamental limit to the smallest periodicity obtainable using
this process, and hence, it can be used to access a very wide
range of wavelengths. The critical dimensions are limited by
the lithography system used in defining the initial trenches.
Modern-day optical lithography or e-beam lithography systems
are capable of writing features of the order of few tens of
nanometers. Therefore, the photonic crystal can be readily
scaled to much smaller dimensions than the ones used in this
proof-of-concept work. For example, fabricating a back-
reflector for the solar spectrum will require the photonic
crystal to have a band gap centered around 700 nm. This
translates to the horizontal lattice constant “a” being 420 nm
(using midgap value of a/λ = 0.6, as in Figure 1c) and the
diameter of the cylinders being around 200 nm (using r/a =
0.24). Assuming an initial trench aspect ratio (depth to width)
of 5, the trench width that needs to be etched comes out to be
100 nm.37 Such trench dimensions are readily accessible with
modern optical lithography tools. Similarly, C-band wave-
lengths around 1550 nm can be easily accessed using the
methodology developed in this work.
This layer-by-layer process also allows complete control of

intentional line and point defects which are necessary to extend
this process for fabrication of waveguides and optical cavities.
Theory shows that the line defects in the inverse woodpile
structure can be formed by varying the radius of one or more
air cylinders embedded in Si and therefore the intersection of
two such line defects, one in the perpendicular set and one in
the parallel set, will constitute a point defect.32 This process
allows the radius of each individual air cylinder, both for the
perpendicular and the parallel set, to be controlled
independently making it very-well suited for the fabrication
of 3D waveguides and optical cavities.

Figure 3. (a) Process steps for the fabrication of inverse woodpile photonic crystal; (b−d) SEM images corresponding to the process steps; and (e)
SEM image of final inverse woodpile structure.
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■ DEMONSTRATION OF AN OMNIDIRECTIONAL
BROADBAND REFLECTOR

The structure discussed in the last section constitutes an
inverse woodpile photonic crystal that can be readily used as
an omnidirectional broadband reflector due to its large and
complete band gap. In this demonstration, crystal lattice
constant “a” equals 2.5 μm, lattice constant “c” equals 2 μm,
and the radius “r” of the air cylinder equals 0.5 μm. The
reflectivity of this photonic crystal is measured using FTIR
spectroscopy and is shown in Figure 4a along with the band
diagram computed for the same parameters as the experiments.
The measurement is done for crystals with four and six parallel
layers. The reflectivity is measured with normal incidence in
the z-direction and the infrared source is kept unpolarized. For
these parameters, a broad reflection peak is observed between
5.7 and 6.7 μm wavelength, which coincides well with the band
gap in the Γ−Z direction, as shown in Figure 4a. Observation
of reflection peaks alone does not provide enough evidence to
prove a band gap because such peaks can also arise when
incident waves do not couple to a mode inside the crystal.33

However, the alignment of experimental reflection peaks with
corresponding stop gap in its band structure is a clear signature
that the reflection from the photonic crystal is due to the
absence of allowed states.33,41 Moreover, reflectivity greater
than 85% can be achieved with only six parallel layers. For
comparison, another sample with only perpendicular set and
no parallel layer of cylinders was prepared and measured, as
shown by the blue curve in Figure 4a. It is evident that the
reflection peak is absent for this sample and the spectrum is
modulated by Fabry−Perot fringes due to the finite depth of
the trenches etched for the perpendicular set. Similar Fabry−
Perot fringes can be observed in the reflectivity spectrum of the
full inverse woodpile structure as well.
In order to provide further evidence of the complete band

gap in the fabricated inverse woodpile reflector, incident-angle
resolved FDTD transmission simulations are shown in Figure
4b,c. Band structure calculations, shown in Figure 4a, pertain
only to infinite, perfect crystals but the transmission
simulations take into account the finite thickness of the
crystals. The light is incident at a fixed azimuthal angle (Φ) of
0° in Figure 4b and 90° in Figure 4c, while the polar angle (θ)

is varied from 0 to 70°. A broad transmission trough several
orders of magnitude deep emerges in both cases. The
transmission trough aligns well with the measured reflection
peak and provides another proof that the measured reflection
peak emerges because of the complete band gap of the
fabricated inverse woodpile structure. Additionally, the Fabry−
Perot fringes observed in the measured reflectivity spectrum
can also be seen in the simulations, giving us ample confidence
that the experiments are well explained by the FDTD
simulations.

■ CONCLUSION

We have developed a truly Si-compatible process for the
fabrication of inverse woodpile photonic crystals with a
complete band gap. Using this process, we demonstrated a
broadband omnidirectional reflector on Si. The developed
process leads to defect-free, stable, and high-quality crystals
since it relies on self-limited recrystallization of Si atoms to an
energy-minimum state. The different design parameters such as
the lattice constants “a” and “c” and the radius “r” of the air
cylinders are scalable and can be tailored to the needs of a
given application. Moreover, the process allows for tuning of
the radius “r” of each air cylinder individually, easily extending
this method for the fabrication of 3D waveguides and optical
cavities. The process can also be utilized for large-area
fabrication of photonic crystals in applications such as solar
cells and so on. Finally, use of standard fabrication equipment
ensures that this process can be widely adopted by research
groups and industries alike and will help in making 3D
photonic crystals a fundamental building block for the
realization of ultimate control of photons in three dimensions.
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